Positive allosteric modulators of AMPA-type glutamate receptors (ampakines) have been shown to rescue synaptic plasticity and reduce neuropathology in rodent models of cognitive disorders. Here we tested whether chronic ampakine treatment offsets age-related dendritic retraction in middle-aged (MA) rats. Starting at 10 months of age, rats were housed in an enriched environment and given daily treatment with a short half-life ampakine or vehicle for 3 months. Dendritic branching and spine measures were collected from 3D reconstructions of Lucifer yellow-filled CA1 pyramidal cells. There was a substantial loss of secondary branches, relative to enriched 2.5-month-old rats, in apical and basal dendritic fields of vehicle-treated, but not ampakine-treated, 13-month-old rats. Baseline synaptic responses in CA1 were only subtly different between the two MA groups, but long-term potentiation was greater in ampakine-treated rats. Unsupervised learning of a complex environment was used to assess treatment effects on behavior. Vehicle-and drug-treated rats behaved similarly during a first 30 min session in the novel environment but differed markedly on subsequent measures of long-term memory. Markov sequence analysis uncovered a clear increase in the predictability of serial movements between behavioral sessions 2 and 3 in the ampakine, but not vehicle, group. These results show that a surprising degree of dendritic retraction occurs by middle age and that this can be mostly offset by pharmacological treatments without evidence for unwanted side effects. The functional consequences of rescue were prominent with regard to memory but also extended to self-organization of behavior.
Introduction
AMPA-type glutamate receptors are tetrameric complexes that organize into two transmembrane dimers. Ampakines (AKs) are small molecules that bind to a site at the dimer interfaces (Jin et al., 2005) and thereby slow two basic properties of ligand-bound receptors: (1) deactivation resulting from dissociation of transmitter; and (2) desensitization attendant to relaxation of the dimerized state . Together, these two effects prolong the open time of the AMPA receptor ion channel and increase the amplitude and duration of fast, excitatory transmis-sion . Besides increasing communication within networks, AK-induced enhancement of EPSCs lowers the threshold for long-term potentiation (LTP; Stäubli et al., 1994) and upregulates production of brain-derived neurotrophic factor (BDNF; Lauterborn et al., 2000; . The first of these effects is related to the depolarization needed to unblock NMDA receptors that trigger LTP, whereas the second reflects the dependency of BDNF gene expression on excitatory drive.
The above results prompted studies testing whether semichronic AK treatments could offset the defects in synaptic plasticity found in rodent models of human conditions associated with memory and/or cognitive problems. Positive results were obtained for five different models (Rex et al., 2006; Simmons et al., 2009 Baudry et al., 2012; Kramár et al., 2012a) . Moreover, and as predicted from neuroprotective properties of BDNF, several weeks of AK treatment markedly reduced degeneration in the striatum of mice overexpressing the huntingtin gene mutation associated with Huntington's disease .
The present studies addressed the question of whether AK treatment could offset the age-related retraction of dendritic branches previously described in the cortex, hippocampus, and other areas in rodents and primates (Dickstein et al., 2013; Samson and Barnes, 2013) and what are likely associated age-related changes in LTP and learning (Landfield and Lynch, 1977; Burke and Barnes, 2006; Wilson et al., 2006; Robitsek et al., 2008; Kumar, 2011) . We assessed drug actions in healthy 13-month-old middle-aged (MA) rats that were housed in a complex enriched environment (EE) to avoid possible effects of living in the impoverished circumstances associated with standard rodent housing. Comparisons with measures from EE-housed, 2.5-month-old rats were used to gauge the extent to which AK treatment in older animals returns dendritic branching to what might be considered a baseline condition. Finally, electrophysiological and behavioral tests of vehicle (Veh)-and AKtreated MA rats provided tests for functional consequences predicted from changes in dendritic morphology and assays for side effects arising from long-term drug treatment.
Materials and Methods
Animals, EE, and drug treatments. All procedures were conducted in accordance with the U.S. Public Health Service Policy on Humane Care and Use of Laboratory Animals and protocols approved by the Institutional Animal Care and Use Committee of University of California Irvine. Ten-month-old male Long-Evans rats (Harlan Labs) were maintained in single housing to avoid fighting; after initial handling (2-3 weeks), rats were assigned randomly to Ampakine ϩ Enrichment or Vehicle ϩ Enrichment groups for morphology studies. Enrichment entailed housing in EE bins ( Fig.  1 ) for 80 -81 d. For electrophysiology studies, 10-month-old rats were assigned randomly to Ampakine ϩ Enrichment or Vehicle ϩ Enrichment groups and housed in the EE bins with daily AK or Veh treatment for 80 -89 d (n ϭ 6 per group). Thus, at time of analyses, the MA rats were ϳ13 months of age. For morphology studies only, 5-to 6-week-old (n ϭ 7) rats were handled twice daily for 4 d and then housed in groups of four in the same EE bins used for older animals. These young rats were 2.5 months old at the time they were killed; longer periods of enrichment were not used for this group because of published evidence that aging-related changes are already evident in rat brain by 6 months (Navarro-Mora et al., 2011; Nell et al., 2015) . All housing was under a reverse 12 h light/dark cycle.
EE housing for both MA and young rats consisted of a multi-tiered bin ( Fig. 1A) with full access to a 15-inch running wheel, nest box, bedding, chewable enrichment items, food and water ad libitum, and novel items that were switched weekly. MA rats received the AK CX929 (5 mg/kg in 10% honey in water) or Veh (10% honey water) orally on a 5 d on/2 d off schedule throughout. Treatments were presented in a 1 cc syringe and were readily consumed throughout the study. CX929 has a short (Ͻ15 min) half-life in the blood (Rex et al., 2006) . Behavioral and electrophysiological measures were conducted 20 -24 h after the most recent dose, thus without circulating drug present. We confirmed that oral administration of CX929 produces the widely reported pattern of behavioral changes found with high levels of AKs: agitation and then prodromal effects as dosage is increased. These effects are evident within 10 -20 min of receiving doses of 20 and 40 mg/kg; rats appeared normal after 50 min. All of the studies reported here used 5 mg/kg, as in previous work (Rex et al., 2006; Baudry et al., 2012; Kramár et al., 2012a) .
Unsupervised learning. Behavioral measures were collected from MA rats during the period of EE housing. Starting in week 5 of EE housing, MA rats were given 30 min sessions of free exploration in a novel, complex environment, with intertrial delays of 4 days (session 1 to session 2) or 7 days (subsequent sessions; Fig. 1 B, C) . The unsupervised learning (USL) environment consisted of a 1 m square arena with 18-inch-high acrylic walls, open at the top, with an attached 18 ϫ 6 ϫ 5 inch "refuge" constructed of black, infrared-transparent acrylic accessible via a 4-inch square opening. The large arena space was divided into four "rooms" with passages between them. Each room contained an object (chromed steel, ceramic, or acrylic mounted on a weighted powder-coated steel base). Movements were captured via an overhead infrared camera; ANYmaze (Stoelting) and in-house software was used to quantify behaviors, Figure 1 . EE, behavioral testing, and drug treatments. A, Photograph of EE housing bin with nest box on the lower level, ladder to second level with enrichment objects (cardboard tube), running wheel, and novel object (wooden block). B, Overhead infrared camera view of a rat in the USL apparatus showing the dark refuge at the left; passages through walls separating the four arena quadrants are indicated by arrows. Four distinct objects (2 with moving parts, 2 without) were located centrally in each arena room. C, Experimental schedule: rats were handled and trained to drink Veh from a syringe for 2 to 3 weeks and then housed in EE bins or home cages and given daily AK or Veh orally for the duration of the study. Thirty minute USL sessions began during week 5 of enrichment and drug/Veh treatment; session 2 was given 4 d after the first and subsequent sessions given at 7 d intervals. After final testing, rats continued treatment until they were killed for dendritic analysis at day 80 or electrophysiology at day 81-90 (in pairs).
and a Markov sequence analysis (MATLAB; MathWorks) was used to evaluate errors in predictions of patterned movements. Statistical tests used R, Prism (GraphPad Software), and Excel (Microsoft). Because the drug suspension is visually distinct from the Veh, its administration was not blinded. On test days, drug or Veh was administered after testing was completed. Personnel placing the rats into the testing apparatus were the same as those administering the daily treatments with Veh or AK because older male rats can be aggressive with unfamiliar persons. However, all behavioral data were collected automatically from videos using ANYmaze software (Stoelting), and final statistical analyses were done by different investigators. Behavioral measures included distance traveled, speed of movement, number of forays, and time spent near or away from walls. Statistical differences between groups were determined using repeated-measures (RM) ANOVA and two-tailed Student's t tests (Prism). The dip test for unimodality was used to test for subgroups among the Veh-and AK-treated rats (Hartigan and Hartigan, 1985) .
Markov sequence analyses for behavior. To analyze the sequences of decisions made by rats when exploring an environment, a Markov chain analysis was performed (van der Heijden et al., 1990) . The goal was to determine (1) how well the short-term decisions rats make during exploration predict longer sequences and (2) at what scale information was being added. Using ANY-maze software, video recordings were processed to obtain trajectories of each rat's position at ϳ0.1 s intervals. For this analysis, the arena was divided into 10 locations; custom scripts in MATLAB version 7.8 were used to chunk each rat's trajectory while in the arena into 2.5 s intervals, and the rat's position at the start and end of each time segment was determined. This information was used to create a matrix of transition probabilities between the 10 possible arena locations, and then a set of "ideal prediction matrices" was constructed for successive n and the original 2.5 s matrix was raised to the nth power; here n represents the number of positions predicted forward (e.g., n ϭ 2 indicates the prediction of the rat's location using 5 s bins; n ϭ 3 indicates the prediction on 7.5 s, etc.; Walsh and Cummins, 1976) . Data were then split into the different bin sizes, and the corresponding empirical transition matrices were calculated per animal. The predicted position was subtracted from the actual position and squared to yield the error; this error was multiplied by the time at each location to correct for the influence of rare events. On any session day, if a rat's prediction error was Ͼ4 SDs from the group mean for Ͼ50% of the prediction steps, then the animal was dropped from analysis; this exclusion factor resulted in one to two animals per group being excluded per session. The final Markov sequence analysis included nine MA-AK rats and 11 MA-Veh rats (for all three sessions).
The equation 'Prediction Error ϭ ⌺(T 1 n Ϫ T n ) 2 ϫ Proportion' shows the prediction error calculation where n is the number of steps forward predicted, T 1 is the original prediction matrix, which is raised to the nth power (yielding the nth ideal prediction matrix), T n is the empirical prediction matrix for that n, and Proportion is the relative time spent at a given location.
Electrophysiology. Acute hippocampal slices were prepared (400 m thick) and maintained in an interface recording chamber with constant ACSF perfusion (31°C) and allowed to stabilize in the recording chamber for 1.5 h before use (Trieu et al., 2015) . Schaffer-commissural (S-C) fEPSPs, input/output curves, and paired-pulse facilitation were recorded in CA1b stratum radiatum as detailed previously (Rex et al., 2006; Trieu et al., 2015) . For induction of LTP, two trains of theta burst stimulation (TBS; 10 bursts at 100 Hz, 200 ms between bursts) were applied, with a spacing of 50 s, to the S-C projections (Kramár et al., 2012b) . The magnitude of potentiation was evaluated 50 -60 min after TBS and expressed as the percentage increase in fEPSP slope relative to baseline (pre-TBS) responses. Data were collected from three to five slices per rat using multiple physiology rigs and from at least five rats per group for each endpoint measure; all illustrations show mean Ϯ SEM values, with n values representing slices per group. An initial group of slices was run unblinded to test for any obvious differences in synaptic responses between the MA-Veh versus MA-AK groups (n ϭ 1 rat per group). Such effects were not found. The remaining majority of cases were run blind to treatment. Standardized procedures comparable with those described in previous work (Rex et al., 2006; Kramár et al., 2012b; Trieu et al., 2015) were followed. However, with prioritization of tissue handling for electrophysiology, it was not possible to collect hippocampal tissue of sufficient quality and quantity to perform low-variability biochemical assays (e.g., BDNF levels).
Cell fills and analyses. Rats were intracardially perfused with 4% paraformaldehyde/0.1 M phosphate buffer (PB), pH 7.4; brains were immediately removed from the skull, postfixed in the perfusate for 24 h, and then sectioned through the hippocampus at 250 m on the coronal plane using a Leica vibroslicer 1000S (Miguéns et al., 2015) . Pyramidal cells in subfield CA1b (four to five per slice through the mid-septotemporal hippocampus) were selected for filling under visual control and were impaled with a sharp micropipette (100 M⍀) loaded with 5% Lucifer yellow (Invitrogen) in H 2 O; a direct negative current of 3-8 nA was applied until the dye filled distal processes and no additional loading was observed (ϳ15-20 min). Sections were fixed again in 4% paraformaldehyde plus 0.125% glutaraldehyde in PB for 24 h, washed in PB, slide mounted, and coverslipped with Vectashield (Vector Laboratories). Cell fills and all subsequent analyses of dendrites and spines were conducted blind to group.
Images of apical and basal dendritic trees were captured using a twophoton microscope built on an Olympus frame (ThorLabs) with MaiTai laser (Spectra-Physics) and 1.4 numerical aperture (NA), 63ϫ objective. z stacks of each dendritic span were collected using 1 m steps. For spine analyses, z stacks were collected at Nyquist rate (1.4 NA, 63ϫ objective) with 0.13 m steps from first-order basal and second-order apical dendrites. All z stacks included on average the first 30 -50 m of the dendrite from the point of emergence. Stacks were deconvolved using AutoQuant version 2.2.1 (Media Cybernetics), and 3D builds were made using Imaris software version 7.6.1 and the Filament Tracer module (Bitplane).
Dendritic branching and lengths were measured using Imaris automated Sholl analysis, with 15 m ring spacing, and dendrite branch level analyses, respectively (Lauterborn et al., 2015) . Significance was determined by two-way ANOVA (treatment vs dendritic distance; GraphPad Prism version 5.0a), followed by Tukey's HSD post hoc analyses (SPSS version 20; IBM). One-way ANOVA was performed using GraphPad Prism version 5.0a, followed by either Student-Newman-Keuls (SNK) multiple comparison or Tukey's tests. Cells with overlapping dendritic branches were not analyzed. The length of time needed to generate the number of cells required for each animal and the use of three groups, while maintaining tissue and labeling quality throughout, precluded testing for areas outside of field CA1b.
Spine measures. 3D renderings were prepared (Lauterborn et al., 2015) for 51 apical and 77 basal dendrites from MA-Veh rats, 32 apical and 72 basal dendrites from MA-AK rats, and 41 apical and 57 basal dendrites from young (2.5 months old) rats. The Imaris automatic seed point detector function was used to identify spine heads and necks (Lauterborn et al., 2015) . Spine length was defined as the sum of the radius of the spine terminal point and spine neck length, extending from the head to the point of attachment on the dendrite. Maximum spine length and minimum spine end diameter were 5 and 0.2 m, respectively; objects not fitting these size constraints were excluded from analysis. These parameters for the automated analyses have been shown to produce high accuracy in spine measures relative to estimated population statistics based on ultrastructural data (Swanger et al., 2011) . Features of spines measured included the following: (1) neck length; (2) minimum neck diameter (Dn); (3) head diameter (Dh); and (4) overall spine length (neck plus head). Measures from 3D renderings were exported to Excel (Microsoft). Total numbers of spines analyzed in each field were 1730 (apical) and 2907 (basal) for MA-Veh, 2213 (apical) and 3458 (basal) for MA-AK, and 2635 (apical) and 2041 (basal) for young groups. Spine classifications were as follows: (1) without necks were termed "no necks"; (2) overall length Ͻ 0.5 m and Dn/Dh Ͼ 0.5 was considered "stubby"; (3) Dn/ Dh Յ 0.5 was considered "mushroom"; and (4) both total length Ͼ 0.5 m and Dn/Dh Ն 0.5 identified a spine as "long-thin." Spines outside of these criteria were classified as "other" (modified from Harris et al., 1992). Statistical differences between the three groups were determined using one-way ANOVA or RM-ANOVA, followed by SNK test (Prism).
Results
MA male Long-Evans rats were maintained in EE housing beginning at 10 months of age; subgroups received the AK CX929 or Veh, orally with a schedule of 5 d on/2 d off for a period of 3 months. All rats were tested periodically for patterns of exploration in a complex environment that was different from their EE housing ( Fig. 1 ). Separate cohorts of Veh-and AK-treated MA rats were evaluated for effects on dendritic morphology and synaptic plasticity in the hippocampal field CA1 promptly at the end of treatment (i.e., at 13 months of age).
AK treatment increased dendritic branching
In fixed tissue sections, field CA1 stratum pyramidale neurons were filled with Lucifer yellow as described previously (Miguéns et al., 2015) . An average of six filled neurons were reconstructed ( Fig. 2A) per rat, and, from these 3D reconstructions, measures of dendritic branching and spine elaboration were collected. A group of 2.5-month-old young rats that had lived in an EE for 1 month was included here to provide a baseline against which to test whether the dendritic retraction reported previously for older animals occurs by middle age and despite environmental enrichment.
Sholl analyses of apical dendritic branching (Lauterborn et al., 2015) in Veh-treated MA rats corroborate reports that aging results in substantial dendritic retraction (Dickstein et al., 2007) but further show that these effects are significant by middle age despite EE housing (Fig. 2B, left) . In marked contrast, Sholl curves for AK-treated MA rats were not different from those of young rats ( p Ͻ 0.0001, RM-ANOVA for the 3 groups; young vs MA-Veh, p Ͻ 0.0001; young vs MA-AK, p Ͼ 0.50; MA-Veh vs MA-AK, p Ͻ 0.008; Tukey's tests). Treatments had similar effects on the basal dendrites: there were fewer dendritic branches in MA-Veh rats relative to 2.5-month-old ( p Ͻ 0.003) or MA-AK ( p ϭ 0.001) rats and no difference between the latter groups ( p Ͼ 0.35; Fig. 2B, right) . Total dendritic length also was reduced with aging, and this effect was eliminated by AK treatment ( p ϭ 0.016 for three groups, one-way ANOVA; p Ͻ 0.05 for young vs MAVeh; p Ͻ 0.05 for MA-Veh vs MA-AK; NS for young vs MA-AK; SNK test; Fig. 2C ). Collectively, these findings constitute evidence that long-term AK treatment reduces age-related losses in dendritic branches; it should be noted that the length measurements may underestimate the differences between the groups because of branches coursing out of the plane of the thick sections.
Next, we assessed AK treatment effects on dendritic spines. There was no age-related change in the number of spines per micrometer ( p Ͼ 0.5, SNK test for MA-Veh vs young), a result that accords with previous reports for field CA1 (Markham et al., 2005) . However, spine density was increased above MA-Veh and young 2.5-month-old values in both apical and basal dendritic fields of AK-treated MA rats ( p Ͻ 0.05 all cases, SNK test; Fig.  2 D, E) . These results suggest that AK treatment stimulates both spine and dendritic growth: for dendritic arbors, this offsets reductions in branching that are otherwise evident with age, whereas for spine densities AK treatment increased counts to supranormal levels.
Past studies have described changes in spine morphology in the aged brain (Petralia et al., 2014) , although data are lacking for MA animals and enrichment protocols as used here. Qualitative examination did not reveal any striking differences in staining intensity or general appearance of spines between the three groups (Fig. 3A) . Spine necks present a barrier to the diffusion of molecules into the spine head (Nimchinsky et al., 2002) ; that the dye reached isolated compartments to approximately the same degree in the three groups constitutes evidence that its diffusion did not differ greatly between them. This accords with previous . AK treatments increased dendritic branching and spine density in MA rats. A, Imaris-generated build of the apical (bottom) and basal (top) dendrites of a CA1 pyramidal neuron from a 2.5-month-old rat. B, Sholl analyses show the number of intersections for apical and basal dendrites through the depth of each field: in both, MA-Veh rats had fewer intersections, and thus branches, than MA-AK rats. For basal dendrites, p ϭ 0.047 for group effect, p Ͻ 0.001 for distance effect, two-way ANOVA; p ϭ 0.04 for MA-AK versus MA-Veh; p ϭ 0.622 for MA-AK versus young, 2.5 month olds; p ϭ 0.20 for MA-Veh versus young, Tukey's test (apical field statistics in Results). C, Aggregate dendritic length (apical plus basal) for all groups (*p Ͻ 0.05 young vs MA-Veh, SNK test; MA-AK vs young, NS). D, Images of Lucifer yellow-filled spiny apical dendrites from MA-Veh and MA-AK rats. Scale bar, 2 m. E, Graphs show spine density on apical secondary and basal dendrites (apical, p ϭ 0.009, 1-way ANOVA; basal, p ϭ 0.017, 1-way ANOVA; *p Ͻ 0.05, SNK test). Mean Ϯ SEM values are shown; n ϭ 6 for MA-Veh, 5 for MA-AK, and 7 for young group. results using the dye-fill technique in fixed tissue from aged brains (Ohm and Diekmann, 1994; Hao et al., 2006; Pereira et al., 2014) . Next, we used Imaris software to reconstruct in 3D spans of Lucifer yellow-labeled basal and secondary apical dendrites to provide quantitative measures of spine features (see Materials and Methods). Spines from apical and basal fields were assessed together for these analyses. Spine length and head size are important dimensions in the classification schemes, so we first assessed frequency distributions for these measures. Length was distributed across right-skewed curves for each group (Fig. 3B) . There was a significant interaction between group and spine length ( p Ͻ 0.0001, two-way ANOVA) with both MA groups having flatter distributions than the young group (kurtosis values: Ϫ0.73, MA-Veh; Ϫ1.07, MA-AK; 0.15, young). Cumulative frequency distributions for spine head diameter revealed similar curves for the MA groups that were right shifted, toward larger head sizes, compared with 2.5-month-old rats ( p Ͻ 0.0001, twoway RM-ANOVA; Fig. 3B ). Post hoc comparisons indicated that the young rats differed from the MA-Veh rats ( p Ͻ 0.0001), whereas the latter were comparable with the MA-AK rats ( p Ͼ 0.90).
We then assessed the distribution of spines across four standard spine classes referred to as long-thin, mushroom, stubby, and no neck (Harris et al., 1992) ; spines outside these classes were grouped as other. As shown (Fig. 3C) , spines in the young group aligned well with the classification scheme with minor variability across individual rats [mean coefficient of variation (CV) across five categories, 15.3%]. The MA-Veh group was more variable with regard to categories (mean CV, 32.8%), whereas the MA-AK group was intermediate (CV, 24.8%). There was a clear interaction between group and spine categories ( p Ͻ 0.0001, RM-ANOVA). Post hoc comparisons indicated that the patterns in the two MA groups were different from that for the young group ( p Յ 0.0002) but were not reliably different from each other ( p ϭ 0.16). With regard to specific types of spines, the 2.5-month-old rats had a higher percentage in the long-thin category than did either MA group ( p Ͻ 0.01), which helps explain the shift in the frequency distribution of head diameters. Collectively, the results indicate that aging causes a measurable increase in the frequency of large spines (length and head size), thereby changing the distribution of spines across conventional categories, and that the AK did not significantly affect these trends.
AK treatments increased the magnitude of LTP
The functional consequences of treatment were evaluated in electrophysiological studies of hippocampal slices from the AK-and Veh-treated MA rats. Synaptic responses elicited by stimulation of S-C projections to the CA1b apical dendritic field (stratum radiatum) were not greatly different between the two groups (Fig.  4A) . However, for MA-AK rats decay tau values for S-C fEPSPs were ϳ14% greater ( p Ͻ 0.05; Fig. 4B ) and the input/output curve (number of fibers stimulated/fEPSP slope) was steeper (i.e., 47%; p ϭ 0.01; Fig. 4C ) than for the MA-Veh group. The latter results are as expected from the observed increase in dendritic branches and spines in AK-treated rats: activation of a fixed number of axons will produce a smaller postsynaptic response in a reduced versus more fully elaborated dendritic tree. Paired-pulse facilitation was slightly greater for MA-Veh rats, but this effect did not reach statistical significance ( p ϭ 0.089, two-way RM-ANOVA; Fig. 4D ). The facilitation curves are similar to those described for field CA1 in young adult rats (Rex et al., 2005; Trieu et al., 2015) .
Percentage LTP was substantially lower (21.5 Ϯ 1.8%) in Vehtreated MA rats compared with the ϳ50% values typically reported for young adults (Kramár et al., 2012b) . AK treatment increased the magnitude of LTP (31.3 Ϯ 2.3%, p ϭ 0.002, MA-AK vs MA-Veh; Fig. 4E ) as assessed 50 -60 min after TBS. Recent work uncovered an "LTP2" effect in slices from young adults, wherein a second application of TBS doubles potentiation if applied at least 50 min after the first (Kramár et al., 2012b) . This effect was present in both MA groups with the increment in potentiation, from LTP1 to LTP2, being greater in AK-treated rats (Veh, 13.3 Ϯ 3.1; AK, 20.8 Ϯ 2.1), although this change did not reach statistical significance ( p ϭ 0.06). The initial expression of Figure 3 . AK treatment had modest effects on spine shape. Spans of basal and secondary apical dendrites were 3D reconstructed, and spine measures were collected using Imaris. A, Automated 3D reconstructions of secondary apical dendrites from the different treatment groups with dendritic shafts indicated in red and spines in blue. B, Graphs show the proportion of spines with various lengths (left) and the cumulative frequency distributions for spine head diameter (right) for MA-Veh (n ϭ 6), MA-AK (n ϭ 5), and young, 2.5-month-old (Veh-treated; n ϭ 7) groups: MA groups had similar curves that contrasted with the young group. C, Graphs show the percentage of spines classified as long-thin (L-thin), mushroom (mushr), stubby, no neck, or other. The MA-AK group had greater numbers of spines with no neck; the young group had proportionately more long-thin spines than either MA group. For statistics, see Results; means Ϯ SEMs are shown. The CV for spines within of each shape category is given at the bottom; the mean CV values for each treatment group are presented in Results.
LTP1 (through 2 min after TBS) was not different between MAVeh and MA-AK rats, nor were responses during TBS. Past studies using slices from young adults found that response size increases markedly from the first through the fifth burst in a TBS train (Kramár et al., 2004) ; this within-train facilitation was comparable in the two MA groups (Fig. 4F ) . Individual responses to pulses within a burst show a characteristic pattern of change in slices from young adults (Kramár et al., 2004) ; this within-burst profile was also similar in slices from the two MA groups (Fig.  4G) . In all, the positive effect of the AK treatment on LTP does not appear to be attributable to changes in within-train responses to TBS.
The weak LTP in slices from MA-Veh rats given 3 months of EE housing suggested that environmental enrichment had little effect on age-related losses in potentiation. We investigated this idea by evaluating LTP in slices from MA rats (n ϭ 6) that were singly housed in standard cages and given Veh on the same schedule as the EE groups. In these rats, LTP1 and LTP2 (17 Ϯ 2 and 26 Ϯ 3%) were similar to measures from EE-housed MA-Veh rats (21.5 Ϯ 1.8 and 34.7 Ϯ 4.2%).
Behavioral consequences of long-term AK treatment
To test for learning and memory effects accompanying the morphological and physiological changes with AK treatment, we evaluated exploratory behavior in a novel complex environment quite different from the EE housing: a large, multicompartment open field with local and distant object cues, accessible from an attached darkened refuge chamber. This design generated data related to both learning effects in an unsupervised, high-choice paradigm and the possibility that the prolonged drug treatment affected basic psychological variables, such as the preference for enclosed spaces, arousal, or stereotypy. These data are important with regard to the possibility that any group differences in learning are secondary to other adjustments.
Behavioral tests began in week 5 of enrichment. Rats were placed initially into the refuge and allowed to freely explore the arena for 30 min. To preclude direct effects of circulating drug on behavioral measures, on test days the AK or Veh was given after testing was completed. In conventional open-field studies, rapid decreases in exploration over time are usually referred to as "habituation" and considered to reflect short-term memory (Walsh and Cummins, 1976) . We found that both AK-and Veh-treated enriched MA rats showed steady decreases in distance traveled in the complex arena over the course of the first session. The total distance traveled in the arena over 30 min and the rate of decrease over the session measured in six 5 min time intervals were surprisingly similar between the two groups (62.3 Ϯ 5.6 vs 62.2 Ϯ 6.2 m, with slopes Ϫ3.01 Ϯ 0.26 vs Ϫ3.05 Ϯ 0.24 for MA-AK and MA-Veh, respectively). The number of forays from the refuge into the arena also began high and decreased markedly over the first 15 min of session 1 for both groups (Fig. 5 A, B) .
Rats were returned to the same complex environment 4 d later to test for long-term memory. Exploration of the complex arena as measured by distance traveled dropped ϳ25% from session 1 to session 2 ( p ϭ 0.009 and p ϭ 0.003 for MA-AK and MA-Veh, respectively, two-tailed within-subject t test), indicating that memory of the arena was retained from session 1 to session 2 by both groups. However, there was also a pronounced drop in the number of forays made during the first 10 min of session 2 in MA-AK rats ( p ϭ 0.0002, RM-ANOVA for entire session 2) with no decrease between sessions in this measure for MA-Veh rats (Fig. 5 A, B) . Additional tests conducted 1 and 2 weeks later showed that, for MA-AK rats, foray counts during the first 10 min of the sessions stabilized near values for session 2, except for an additional, modest drop from session 3 to session 4 ( p ϭ 0.04; Fig. 5C ). Notably, the MA-Veh group did not display this form of long-term memory despite the additional experience (Fig. 5D) .
As noted, a primary concern in studies using long-term drug treatments involves changes in basic psychological variables, including arousal, anxiety, and abnormally repetitive behaviors. Distance traveled during free exploration is a conventional test for arousal (e.g., with stimulants), and the results just described indicate that AK-treated animals did not differ from Veh controls on this measure. Distance is a composite index involving speed (velocity), number, and duration of movements. We evaluated the first of these and found no differences in mean values or rate of habituation on session 1. As with distance, speed decreased between sessions 1 and 2 for both the MA-AK group ( p Ͻ 0.006 for the first 10 min of sessions 1 vs session 2) and MA-Veh rats ( p Ͻ 0.009, RM-ANOVA; Fig. 5 E, F ) . We conclude from these analyses that chronic AK treatment does not influence arousal levels in MA rats.
Anxiety levels in rodents are commonly assessed by measuring preferences for darkened spaces. The apparatus used in the present study included a refuge of this type; both groups spent considerable time in this compartment but to equivalent degrees (Veh, 39.5 Ϯ 7.6%; AK, 33.4 Ϯ 7.4%; p ϭ 0.57, t test). Another common test for rodent anxiety involves the extent to which the animals move away from walls into open spaces (Prut and Belzung, 2003) . We measured percentage time spent near walls or barriers during forays into the complex arena versus away from the walls (including the vicinity of objects, the central area, and the region immediately adjacent to the refuge entry) on session 1 and found that both groups spent the same percentage of their arena time adjacent to walls for the first 15 min of session 1, when anxiety would presumably be maximal (MA-Veh, 42.7 Ϯ 2.4%; MA-AK, 38.6 Ϯ 2.0%; p Ͼ 0.20). However, over the remainder of the session, the AK-treated, but not Veh-treated, animals increased their time spent in the open areas ( p ϭ 0.038, two-way RM-ANOVA; Fig. 5G,H ) . We suggest that the change in behavior over time in the AK group reflects enhanced learning during session 1, an effect that would help explain the reduction in forays at the beginning of session 2.
Next, we used a Markov sequence analysis to test whether the rats acquired reliable movement patterns (travel between particular locations) through experience with the complex environment. The technique calculates errors for predictions about an animal's location at different times in the future based on probabilities from its own past behavior for single transitions between sites (van der Heijden et al., 1990; Fig. 6A-C) . As expected, prediction errors increased quickly but to the same degree for the two MA groups, as prediction steps were extended ever farther into the future on session 1 (Fig. 6D) . For MA-AK rats, the accuracy of predictions began to increase (i.e., the prediction error decreased) on session 2 and then dramatically so on session 3 (Fig. 6D) , an effect that did not occur for MA-Veh rats ( p ϭ 0.004 for interaction between prediction step and group on session 3, RM-ANOVA). The difference between MA groups was still present on session 4 ( p ϭ 0.003; data not shown). These results indicate that the AK-treated rats organized their exploratory behavior into patterns across successive sessions in the test environment and that this effect did not occur in similarly enriched, Vehtreated controls.
Previous work found that aged rats (Ͼ20 months) show very different degrees of impairments in spatial memory tasks (Gage et al., 1984; Gallagher et al., 1993; Schulz et al., 2002) , resulting in clearly distinct subgroups of animals. We searched for such differential effects of aging in the somewhat younger MA animals used in the present study by using conventional statistical measures for multi-modality (Hartigan and Hartigan, 1985) . There was no evidence of subgroups in either the Veh or AK cohorts for short-term memory (habituation on session 1 as assessed by dis- Figure 5 . Learning of a novel environment was enhanced by AK treatment. A, B, Number of forays from a dark refuge into a novel, complex arena during two sessions, separated by 4 d, by EE-housed, Veh-and AK-treated MA rats; the session (s) 1 to s2 difference was significant for AK-treated rats only ( p ϭ 0.0002, RM-ANOVA; n ϭ 11 for MA-AK and 12 for MA-Veh groups). C, D, Number of forays during the first 10 min in sessions 1-4: MA-Veh rat foray counts did not change across test days (C), whereas forays decreased from s1 to s2 in the AK group (D) and remained lower through s4. E, F, Changes in movement speed were similar to those for forays except for changes from s1 to s2 for both MA-Veh and MA-AK rats. G, H, Percentage of time in the complex arena spent close to (solid line) versus away from (dotted line) arena walls or barriers during s1; data for last 5 min of s1 were not plotted because of the paucity of movements for both groups by this time point. Over the course of the session, MA-AK rats (H ) increased the time spent in open areas, whereas MA-Veh rats (G) did not ( p ϭ 0.038, RM-ANOVA). tance traveled; p Ͼ 0.5 and p Ͼ 0.4 for AK and Veh groups, respectively), long-term memory (decrease in forays between sessions 1 and 2; p Ͼ 0.5 for both groups), or Markov sequence analyses for session 3 ( p Ͼ 0.5 for both groups). These findings suggest either that living in the EE offsets the differential influence of aging on individuals or that this effect does not emerge by 13 months of age.
Treatment effects on body weight and locomotor activity
General measures of animal health were assessed for all EEhoused MA rats receiving AK or Veh. Body weight changes during the 3 month period were small and comparable for Veh (start, 590.0 Ϯ 15.6 g; end, 624.5 Ϯ 23.5 g) and AK (start, 596.1 Ϯ 14.5 g; end, 649.9 Ϯ 17.8 g) groups. Weekly food intake was also similar (175 Ϯ 5 g for MA-Veh vs 173 Ϯ 6 g for MA-AK). By these conventional measures, the treatments did not produce negative side effects.
EE housing included access to a running wheel. Weekly running distance for three rats (two MA-Veh; one MA-AK) was far greater (Ͼ15 SDs) than for means of the others. A comparison of values for the more typical (88%) rats indicated that distance run was lower for MA-AK rats than for MA-Veh rats ( Fig. 7A ; p ϭ 0.038, RM-ANOVA). Within-group variance was high for MAVeh rats and so we log-transformed the data, which normalized the quantile-quantile ( Q-Q) plot (Fig. 7B) . The difference between the MA groups was significant under these conditions ( p ϭ 0.023, RM-ANOVA), with the MA-AK group running less. Importantly, the same rats were not hypoactive during tests of exploration as described above. Given that CX929 has a short half-life (Rex et al., 2006) , these observations provide evidence that the AK caused lasting changes that depressed the tendency of rats to engage in intense, repetitive activity.
This amount of running is considerably lower than that described for young animals placed in a conventional running wheel apparatus and accords with previous work showing that older animals tend to run less with evident declines beginning at 2-6 months of age (for review, see Sherwin, 1998) . Moreover, wheel running is less intense in complex environments (Roper and Polioudakis 1977; Sherwin, 1998) .
Discussion
A substantial body of evidence indicates that brain aging begins surprisingly early during adult life and then progresses steadily, resulting in significant declines for a number of behavioral and physiological variables by middle age. Dendritic retraction, which is described for MA animals, is a plausible contributor to these functional losses. Results described here suggest that pharmacologically stimulated dendritic elaboration and spine formation are feasible in MA animals and are accompanied by Figure 6 . Markov sequence analyses demonstrate that MA rat behavior becomes more predictable with AK treatment. A, Flowchart shows how the prediction error was calculated from the predicted and actual paths taken by a rat (using a three-location example; our analyses 4 included 10 zones). At top, the available options at a given position are shown (Pmove left, Pmove right, or Pstay), with the probability of moving to a new location or staying indicated by P. Matrix for quantifying these probabilities is shown in B. At the next stage of the flow chart in A, all possible options for all possible positions are shown. This was translated, over the course of the entire 10 min quantified, into the matrix shown in C. The latter was then used to generate a predicted path probability for longer time bins as illustrated at the bottom, left of A. The predicted path probability was then tested against the actual path the animal took along that time bin to produce the prediction error. D, Prediction errors for a Markov sequence analysis as a function of the number of prediction steps (1 step ϭ 2.5 s) into the future for sessions 1, 2, and 3. As shown, in AK-treated MA rats, there was a significant reduction of prediction errors, an effect that was not evident in MA-Veh rats ( p ϭ 0.004 for interaction between step and group, RM-ANOVA). Groups included nine MA-AK and 11 MA-Veh rats.
significant improvements to plasticity and learning. We found that treatment with the AK CX929 reversed the dendritic retraction otherwise evident in MA rats. Importantly, these experiments were conducted on EE-housed animals; thus, the growth effects were not attributable to an offsetting of losses produced by living in impoverished circumstances. That the compound was given orally and daily over an extended period without unwanted side effects is encouraging with regard to the possibility of a clinically realistic treatment regimen.
Whether the increase in dendritic branching reflects a recovery of processes lost because of aging or instead is attributable to a generalized growth effect is a difficult question, and our results do not discriminate between these possibilities. The present work also does not speak to when age-associated changes in dendritic morphology emerge between 2.5 and 13 months of age for environmentally enriched rats. The similarity of the Sholl curves for the young and MA-AK rats, one of the more surprising results from the project, suggests that growth was constrained by factors that limit the dendritic arbor in young animals living in complex environments. At the same time, spine density was elevated in AK-treated MA rats compared with both young and MA-Veh rats. This appears to constitute a case of heightened spine formation as opposed to restoration of values found under what might be considered to be normal conditions (i.e., in EE-housed 2.5-month-old rats). Considered together with the increase in dendritic branching and length, the spine density results, obtained from counts of limited dendritic spans, likely underestimate the actual increase in numbers of spines produced by the AK treatment. Pertinent to this, recent work showed that months-long treatment with Riluzole, a compound that enhances glial uptake of glutamate and promotes excitatory transmission, increases clustering of thin dendritic spines and learning scores in MA rats (Pereira et al., 2014) ; whether the compound also offsets age-associated losses in dendritic branches is an important question for future work.
Physiological changes associated with CX929 treatment in the present studies are consistent with the increase in dendrites and spines. Expansion of the postsynaptic surface, and spine density in particular, should promote LTP because depolarizing interactions between neighboring active spines will be increased (Winnubst and Lohmann, 2012) . In accord with this, the magnitude of LTP was clearly greater in slices from drug-vs Veh-treated MA rats. Despite this, treatments did not influence within-train facilitation of theta burst responses or the fEPSP amplitude shifts within single burst responses. Theta response dynamics are shaped by a complex array of variables (Kramár et al., 2004) , and the possibility that moderate changes in the NMDA receptor component were obscured by other factors is a vital question for future work. All of the young animals in the present study were used to build a baseline group against which to compare dendritic measures in the MA groups, and so LTP was not tested. However, past work described a significant effect of aging on LTP (Landfield and Lynch, 1977; Rex et al., 2005 Rex et al., , 2006 Burke and Barnes, 2006; Kumar, 2011) ; it is noteworthy that environmental enrichment by itself did not offset the dendritic losses or LTP impairment that accompany aging.
The above results indicate that chronic AK treatment did not disturb basic synaptic physiology but had positive effects on LTP, a form of plasticity thought to underlie learning (Bliss and Collingridge, 1993) . There was also no evidence for disturbances to basic features of behavior (speed of movements, time in compartments, etc.) in a novel complex environment, but learning was improved. The decrease in wheel running by MA-AK rats in their EE housing is notable; however, given that food intake and weight changes were not affected and the apparent normalcy of movements in novel circumstances, this difference was not likely attributable to illness or lethargy. An alternative possibility is that AK treatment influences functions in key forebrain areas (orbitofrontal cortex and hippocampus) known to suppress wheel running (Lynch, 1970; Rhodes et al., 2005) . Dendritic retraction has been observed with aging in the frontal cortex (rats, nonhuman primates, and humans; Dickstein et al., 2013; Samson and Barnes, 2013) ; the presence of such an effect in MA rats, and its diminution by AK treatment, could account for the observed effects on running.
The paradigm used for behavioral studies involved a considerable amount of exploration in an extended, complex arena with multiple compartments and so numerous decision points. These features allowed for testing of group differences in psychological states (anxiety and arousal), a critical point with regard to the behavioral profile associated with the neurobiological changes produced by the experimental treatment and to its plausibility as a therapeutic strategy. Two widely used measures of arousal (initial amount of exploration and speed of movement) were not detectably different between the Veh and AK groups. Anxiety, as assessed by preference for darkened areas or a tendency to avoid open areas, was also comparable in Veh and AK groups. The Markov sequence analysis did not detect any evidence for a higher degree of repetition in drug-versus Veh-treated rats on session 1. We conclude from these findings that chronic administration of the AK and the neurobiological effects resulting from it do not produce significant psychological or motor disturbances. However, as noted, the tests were conducted after a considerable delay from drug administration; the possibility that the Figure 7 . AK treatment reduced voluntary wheel running in MA rats. A, Mean Ϯ SEM distance run per week during the EE/treatment period. MA-AK rats (n ϭ 11) ran less than MA-Veh rats (n ϭ 10; p ϭ 0.03, RM-ANOVA). B, The Q-Q plot shows the log-transformed wheel running data from the MA-Veh and MA-AK groups. The log-transformed data were much closer to the quantiles expected for a normal fit.
compound produces short-term effects on the above variables, during the course of long-term chronic administration, is an important issue for translation and remains to be tested.
Although AK treatment did not detectably alter basic exploratory movements and both MA groups evidenced short-and long-term learning and memory of the complex arena, the drug treatment did result in a form of long-term memory that was absent in the Veh cases, even after multiple trials. Specifically, AK-treated but not Veh-treated MA rats showed a marked drop in counts of forays from a darkened chamber into the larger multicompartment arena between test sessions 1 and 2. Probably related to this, rats in the drug but not Veh group detectably broadened their exploration pattern during the later phases of session 1. We suggest that the drop in foray counts in session 2 can be regarded as evidence of enhanced learning on session 1, allowing for animals to quickly recognize the test situation in session 2 ("situational awareness") and so reduce the number of exploratory episodes. Veh-treated animals apparently failed to acquire this type of memory even after repeated testing sessions.
A Markov sequence analysis detected evidence for a second type of learning in the rats given chronic AK administration but not in Veh-treated animals: the predictability of movements between locations increased markedly across successive sessions. This suggests that brain changes produced by the drug enabled the connection of individual search movements into long, reusable sequences. Recent work supports a critical role for the hippocampus in encoding of serial information into episodic memory by rodents and humans (Yassa and Stark, 2011; for review, see Reagh and Yassa, 2014) . Self-organization of sequential behaviors in the face of considerable complexity could be related to this type of hippocampal operation. If so, then the restoration of dendritic branches along with the enhanced plasticity would be logically related to the predictability results described here.
It will be important in future work to determine the minimum period over which dendritic growth can be produced and its correlation over time with the behavioral and electrophysiological changes reported here. Insights into mode of action would be of great significance with regard to the poorly understood, fundamental question of why pro-growth processes fail during the course of mammalian aging. Pertinent to this, we showed previously that chronic AK treatment in the R6/2 mouse model of Huntington's disease, a condition associated with striatal neurodegeneration, markedly reduced the progression of striatal shrinkage, neuronal deterioration, and motor impairments with age . Accompanying these effects were marked increases in the growth-promoting factor BDNF in the AK-treated animals ; this is consistent with other studies showing that positive AMPA receptor modulators increase BDNF expression, including in MA animals (Lauterborn et al., 2003; Rex et al., 2006; Simmons et al., 2009; Kramár et al., 2012a) . Subsequent work with a small-molecule ligand that is specific for TrkB also showed reductions in motor impairments and neuropathology in R6/2 mice (Simmons et al., 2013) , further supporting a drug-based strategy for enhancing BDNF-TrkB signaling to offset age-related pathology. The feasibility of this approach will depend on how candidate compounds trigger morphological changes and improve outcomes and the degree to which they can be administered over extended periods without unwanted side effects. As described, the results reported here are encouraging with regard to the latter point.
In summary, the present findings constitute evidence that positive modulation of fast excitatory transmission over extended periods triggers dendritic and spine growth in the MA brain. The effects were not accompanied by evident disruptions of brain function but instead were associated with enhanced plasticity and encoding of what appear be complex forms of memory. Thus, the findings describe a novel and relatively simple approach to treating age-related deterioration of brain.
